Pacemakers at each end alternate in periods of activity, reversing the direction of blood flow. Hearts are attached by a raphe along one edge to the pericardium.
Impulses do not pass the raphe and impulse spread was not altered after hearts were isolated and opened by cutting along the raphe. Conduction velocities were determined by placing the opened myocardium over a Plexiglas plate containing suction electrode openings spaced 1 mm apart. Conduction velocity in the heart axis increased (or decreased depending on the direction of conduction) linearly from 1 mm/set at the ends to 7 mm/set in the middle half of the heart (10 C). Wave fronts propagating along the heart axis were found to be parallel to the cell axis (except at the ends and bend) in both directions of conduction.
Conduction velocity was found to be greatest parallel to the cell axis (77 mm/set at 65" to the heart axis) and least perpendicular to the cell axis (8.7 mm/set).
These results demonstrate that cell shape influences impulse spread in an otherwise uniform sheet of excitable tissue.
conduction velocity TUNICATES ARE protochordates with simple tubular, valveless hearts. There are pacemakers at each end of the heart which change the direction of peristalsis and blood flow every few minutes.
Since these hearts are composed of a single layer of cells joined by apical tight junctions (zonula occludentes), this is an ideal tissue to study some general properties of the heart. It has already been demonstrated that action potentials are similar to those of mammalian hearts (8). In addition, an impulse is conducted from cell to cell, probably by local current flow, since transmission time from cell to cell is less than 0.3 msec at 10 C (8). Since current can be passed through heart tissue in a sucrose gap (11) and since electrotonic currents have been observed to spread across areas of conduction block (lo), the heart can be considered as an electrical syncitium. In mammalian hearts, have demonstrated that the conduction velocity is greatest in the cell axis. However, vertebrate heart cells are usually associated in a complex array of branching cords and cells in adjacent cords may be electrically isolated (22, 23) . Therefore, differences in conduction velocities in different directions may reflect tissue structure and not cell shape. The only morphological asymmetry in a sheet of tunicate heart is cell shape. The second interesting property of the tunicate heart is the observation that the resistance across the heart wall is so high that the junctions between cells must be so tight that there is no extracellular space for ionic currents (11). The tunicate heart was found to be ideal for studies concerned with impulse spread through a tissue for various reasons: I> an impulse spreads in two dimensions since the heart is only 10 p thick, 2) the conduction velocity is low enough so that the temporal spread of an impulse can be analyzed in all directions from a point stimulus, 3) the conduction velocity is the same in both directions of conduction (9), and 4) the cell width to length ratio is about 1: 15 (8, 11) . It was the purpose of this investigation to study the temporal pattern of impulse propagation in order to determine how cell shape influences impulse spread in the tunicate heart.
METHODS

Hearts
of adult Ciona intestinaLis (from California) were removed and opened by cutting the heart wall on each side of the raphe which connects the heart to the pericardium. Hearts were 30-46 mm in length (from pacemaker to pacemaker) by 2.5-3.0 mm in diameter. A jet of seawater delivered from an eye dropper was used to flatten hearts (lumen surface down) to the bottom of a shallow bath filled with seawater at 10 C (Fig. 1 ). This procedure slightly stretched the tissue so standardization among hearts was accomplished by allowing hearts to beat a minute or two and adjust to natural dimensions before securing their edges with hooks. Tension was the same as used in previous studies (8, 10, 11) .
The bath contained a Plexiglas plate with a row of five holes (30-40 p in diameter) spaced at 1 .OO mm intervals (Fig. 1A) . Each h o e 1 served as a suction electrode opening and was connected to its own hydraulic system made from a micrometer and a Clay-Adams tubing adapter (Fig. 1B) . Conduction velocity in the heart axis was determined by placing the long axis of the heart over the line of electrodes as shown in Fig. 1C . The conduction velocity for each millimeter of heart length was determined by moving the heart to new positions.
The arrival times of a wave front at points perpendicular to the heart axis was determined by placing the heart axis perpendicular to the line of electrodes. In order to determine the conduction velocity in many directions, the middle portion of a heart arm was placed over the electrodes by lining the edge of the heart along a radial guide line (Fig. 1A) Electrodes 1, 2, 3, and 4 were used for recording. Radial guide lines were inscribed into Plexiglas every 11.2". In vector analyses, heart was rotated around central electrode and one edge of heart was positioned parallel to a guide line. B: schematic cross section through preparation chamber. Total inside bath diameter was about 6 cm. Each electrode opening was connected to its own hydraulic system. Briefest signals were obtained by "sucking" tissue into holes to a depth of about 30 p. Steel plunger is 0.009 inch in diameter. C: schematic drawing showing a top view of bath with opened heart spread over 5 electrode openings. This heart placement would give conduction velocities in heart axis. Vector analyses were carried out by rotating heart around stimulating electrode in direction of arrow. Fig. 1A and B). Hearts were photographed with a Vickers 40X phase-contrast reflecting objective (NA 0.57) in order to determine the cell axis.
RESULTS
A. Orientation of muscle cells with respect to heart axis. At most, 0.5 mm of heart was left asymmetrically on one side of the raphe which altered the opened heart axis at most only 3". The cell axis in relation to the long axis of the heart was found to gradually change at the ends and bend from 90" to 65" (range f 8") and remain at 65" for most of the middle region of each arm of the U-shaped heart ( Fig. 2A ). The apical (outer) membrane of each cell bulges around the nucleus and these bulges are located in rows oriented O-30" to the heart axis which give the heart a corrugated appearance when viewed with a dissecting microscope ( Fig. 2B and C) . Each cell contains a single myofibril located near the lumen surface. B. Conduction velocity in heart axis. The conduction velocity was not altered by removing the heart or by opening the heart along the raphe (8, 12). Thus, impulse spread in opened hearts is probably the same as in situ. Middle portions of heart arms were repeatedly positioned over the stationary suction electrode openings and the conduction velocity in the heart axis was found to be the same across the width of the heart. The conduction velocity was found to remain constant even when the width of the heart was reduced to about 250 EL. Conduction times were determined for each millimeter length of large hearts and for impulse propagation along the heart axis in either direction.
In 15-to 18-mm-long heart arms (one-half of the U-shaped heart), the conduction velocity increased linearly from about 1 mm/set at the ends of the heart to about 6.5 mm/set at a position 6-8 mm from the end of the heart, and then remained constant to the bend (Fig. 3) . Except for the first millimeter or two at the
2. Ciona heart cells. A: intact heart showing cell orientation in relation to heart axis. B: cross section of one heart arm 65" to heart axis. C: diagrams of a single cell. Apical view of cell shows widest dimensions. Lumen view shows only that portion of membrane which faces lumen. Apical nexus completely encircles each cell. Patch nexuses are also present, but they are not represented in diagrams.
ends of the heart, the conduction velocity was the same in both directions of conduction. In the first millimeter or two at the ends of the heart, the conduction velocity was usually less when the impulse started from the pacemaker closer to the recording electrodes; i.e., the conduction velocity was less during impulse acceleration than during impulse deceleration.
In middle regions of heart arms successive impulses always had the same conduction velocities. However, towards the ends of hearts different conduction times were sometimes recorded (see DISCUSSION, Impulse acceleration and deceleration) .
The conduction velocity around the bend of very large hearts (each arm 23 mm long) was found to depend upon the electrode placement.
When the axis of the line of electrodes was placed across the inner edge of the bend close to the arms, the lowest apparent conduction velocity was 8 I I -_ . , , , velocities in l-mm-long "segments" of heart for natural contractions;
i.e., conduction was in heart axis. Open circles represent velocities in visceral arm and solid circles represent those in branchial arm. Note that velocities in both arms at equal distances from ends of heart were about same. Arrow at 14 mm indicates bend of U-shaped heart.
recorded. This position would compare to position 14 in Fig. 4 Fig. 4) . In Fig. 4 the impulse invaded all of the bend region before moving into the second arm of the heart. In extremely large hearts, the impulse moved into the second arm of the heart before the extreme outer edge of the bend region was invaded (see ref. 14 for complete analysis). C. Arrival times of an impulse at points on imaginary lines perpendicular to heart axis. The curves delineating successive wave fronts were found to be parallel in both directions of conduction to the cell axis in the middle two-thirds of each heart arm ( Fig. 4) . At the ends of the heart, the curves representing successive fronts which started at the near pacemaker were usually closer together for the first millimeter or two than when impulses started at the pacemaker in the opposite arm of the heart. This is readily explained since the conduction velocity of an impulse increased until the wave of excitation extended across the width of the heart (see section 0). At the bend, the curves representing wave fronts moving in opposite directions were mirror images. D. Temporal vector analyses of impulses originating at a point stimulus. Conduction velocities of an impulse starting from a point stimulus were determined in different directions by rotating the middle regions of heart arms around a stimulating electrode.
At the rotation position that gave the greatest conduction velocities, the wave front of an impulse starting from a pacemaker reached the four recording electrodes Points in wave front curves and successive intervals were interpolated from spread of arrival times of wave front at each electrode axis (records) and velocities in heart axis as shown in Fig. 3 . Reversal in direction of conduction was induced by locally heating the branchial pacemaker region. This procedure slightly warmed bath so that advisceral conduction velocities were a little greater than abvisceral velocities. Insert shows heart arm before it was opened along raphe and flattened with lumen surface down as shown in larger diagram. simultaneously (in Fig. 5 this occurred at an angle of 56" between the electrode axis and heart axis). When the hearts were rotated an additional 90", the lowest conduction velocities were recorded for both impulses starting from a pacemaker and the stimulating electrode ( Fig. 5 at 146 (Fig. 7 , Table  1 ). In the direction of the greatest conduction velocity, the impulse velocity increased from 14 to 85 mm/set. In the direction of the least conduction velocity, the impulse velocity increased from 4 to 9 mm/set ( Table  1 ). The results of one experiment (data from Fig. 5 ) are plotted in Fig. 7 (Fig. 1A) . Triangles and solid circles : data are from 18-mm-long Ciona heart arms (solid circles from Fig. 5 ). Circles : data are from a 12-mm-long Ciona heart arm. remained constant (8). It was demonstrated here that stretching the heart with two hooks in the cell axis decreased the conduction time between fixed electrodes equal to the increase in length. However, the error in estimating the position of wave fronts in situ is not 30 % since the conduction velocity in the cell axis is at least 5 times that perpendicular to the cell axis and the cells are perpendicular to the heart axis at the ends and bend region and almost so in the remainder of the heart (see Fig. ZA ). Thus, wave fronts spreading in the heart axis would be little influenced by differences in circumferences. The maximal error introduced by variations in stretch M. E. KRIEBEL (tension error) was less than 10 %, which was determined by removing and repositioning hearts in the same configuration. The bend and end regions of hearts are flexed so that small folds developed in these regions when the hearts were opened.
These folds increased the length of tissue between the electrodes up to 10 % (folding error). Therefore, the conduction velocities determined with repeated heart placements at the ends and bend regions were reproducible to 20 % (tension plus folding error). It is felt that the temporal wave front diagram in Fig. 4 closely represents that for in situ hearts.
B. Comparison of conduction velocity with vertebrate hearts. It is more appropriate to compare the tunicate heart with vertebrate hearts than with invertebrate hearts for several reasons. The tunicate heart is myogenic and the beat is allor-none;
i.e., a compensatory pause follows an extrasystole so the heart cannot be tetanized (1, 12) . In addition, tunicate heart cells have action potentials that are very similar to those of vertebrates with one to three phases of recovery (8) and the spread of excitation is by local current flow from cell to cell (9, 10, 14) . The pacemaker regions of Cz'ona heart are located at each end of the U-shaped heart at the ostium of each blood vessel. The pacemaker is a ring of cells and the dominant pacemaker region may shift in position within the ring of cells (13). There is, however, no structural similarity between the valveless, tubular tunicate heart and the chambered hearts of higher chordates. In many-chambered hearts the myocardium is nearly synchronously activated by a specialized conductile system (Purkinje fibers). This is in marked contrast to the tunicate heart where a wave of peristalsis com- FIG. 7. Time contour map of an impulse spreading from a point stimulus.
Heart axis and width are indicated by unbroken lines. Curves represent wave front at successive 25-msec intervals starting from stimulating electrode(s). Positions of dots in curves have been calculated from data in Fig. 5 . Conduction velocities of first contour interval were calculated from time intervals between stimulus artifacts and signals recorded by first recording electrode. Conduction velocities of second contour were calculated from time intervals between signals recorded at first and second electrodes. Velocities for third and fourth contour intervals were calculated from time intervals between second and third, and third and fourth electrodes, respectively. Note that velocity increased during first 50 msec. If these curves are smoothed by eye, they give average curves that were obtained from four preparations. pletely occludes the lumen so that all of the blood is ejected nature of the tissue near the ends would permit impulses (12). In a 30-mm-long heart the peristaltic constriction is to take different pathways (14 The impulse gains velocity from the point of origin since the safety margin for conduction is very low near the stimuduction velocity in the middle region of a heart arm in the cell axis near the origin of an impulse was about 14 mm/set and perpendicular to the cell axis it was over 4 mm/set (Table  1 ). Yet, at the ends of the heart, the maximal conduction velocity in the cell axis was only 2 mm/set and perpendicular to the cell axis it was less than 1 mm/set. These comparisons indicate that the deceleration observed as an impulse approached an end of the heart or acceleration as an impulse propagated out from its point of initiation were not due to the change in fiber orientation from 70" to the heart axis in the middle of the heart arms to 90" at the ends of the heart (cf. vertebrate hearts 4, 5, 6).
In middle regions of heart arms successive waves always had the same apparent conduction velocities. 
